Abstract Pancreatic beta cells differ in terms of glucose responsiveness, insulin secretion and proliferative capacity; however, the molecular pathways that regulate this cellular heterogeneity are unknown. We have identified the Wnt-planar cell polarity (PCP) effector Flattop (FLTP) as a biomarker that identifies mature beta cells in the islets of Langerhans. Interestingly, three-dimensional architecture and Wnt-PCP ligands are sufficient to trigger mouse and human beta cell maturation. These results highlight the fact that novel biomarkers shed light on the long-standing mystery of beta cell heterogeneity and identify the Wnt-PCP pathway as triggering beta cell maturation. Understanding heterogeneity in the islets of Langerhans might allow targeting of beta cell subpopulations for regenerative therapy and provide building principles for stem cell-derived islets. This review summarises a presentation given at the 'Can we make a better beta cell
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Loss of insulin-producing beta cell mass and function underlies the pathogenesis of both type 1 and type 2 diabetes mellitus. Ideally, the best treatment would stop the progression of the disease by regenerating functional cells from dysfunctional beta cell mass or by replacing the beta cells with functional new ones. Lost beta cell mass has been successfully replenished by islet transplantation according to the Edmonton protocol [1] . This treatment normalises blood glucose levels, reduces secondary complications and improves quality of life. Besides beta cell replacement, increasing evidence indicates that in vivo beta cell regeneration is a promising treatment option for both types of diabetes. Importantly, the Joslin Medalist Study demonstrated that even after 50 years of insulin-dependent autoimmune diabetes, there is residual beta cell turnover and insulin is secreted into the bloodstream [2] . Strikingly, patients were protected from secondary complications, suggesting that even low levels of insulin can buffer glucose excursion and protect against long-term organ damage [3] . Thus, triggering endogenous mechanisms of beta cell regeneration might be a suitable alternative for diabetes therapy.
Is beta cell regeneration possible in diabetic patients?
If such an ambitious goal is to be reached, it is crucial to know how beta cell regeneration can be achieved in diabetic patients. During development and maturation and from birth to death, beta cells can alter their identity and their functionality. Over the last 30 years, beta cells have been discovered to be a heterogeneous population of cells in terms of glucose responsiveness, metabolic flux, insulin secretion, topography and proliferative capacity [4] [5] [6] . Heterogeneity may not only be caused by pathological dedifferentiation of beta cells [7, 8] , but may also stem from the different origins of beta cells. Dor et al postulated that self-replication of pre-existing beta cells is the major mode regulating beta cell replenishment in adult islets [9] . Others have suggested that self-renewing and multipotent beta cell progenitors co-exist in mouse and human islets [10] . Moreover, facultative stem cells in the duct, or transdifferentiation of other islet cell types, might represent alternative sources of heterogeneous beta cell pools [11] [12] [13] . Accordingly, several independent studies in recent years have demonstrated that manipulation of a single gene or beta cell depletion is sufficient to induce islet cell plasticity and drive the transdifferentiation of alpha or delta cells towards the beta cell lineage, as well as to enhance the formation of new beta cells from ductal facultative stem cells [11, [14] [15] [16] . This obvious islet cell plasticity might influence the gene expression profile and function of the beta-like cells. Alternatively, the three-dimensional (3D) islet architecture and interaction with neighbouring cell types that determine the beta cell niche might affect the function and maturation status depending on topography and the particular next-door neighbour. Identifying marker genes and underlying principles of beta cell heterogeneity might therefore enable the targeting of specific beta cell subpopulations for regenerative strategies in diabetic patients.
Can we target beta cell heterogeneity for regenerative therapy?
Towards this goal we have recently identified a novel biomarker named Flattop (Fltp), which is heterogeneously expressed among pancreatic endocrine cells (Fig. 1) . Fltp was originally discovered as a functionally non-annotated gene (1700009P17Rik) in a screen to identify forkhead box protein A2 (FOXA2) target genes involved in polarity establishment [17, 18] and is expressed in regions that depend on non-canonical Wnt-planar cell polarity (PCP) signalling [19, 20] . The conserved canonical and non-canonical Wnt pathways have been shown to be critical for developmental patterning, organ morphogenesis, establishment of tissue polarity and cell differentiation [21] [22] [23] [24] . The Wnt-PCP pathway regulates the orientation of cells and organelles within the plane of tissue and thus critically determines the function of cells in an organ [22, 25] . Two recent independent studies have demonstrated that Wnt-PCP signalling plays a pivotal role first during endoderm-derived organ formation, governing liver vs pancreas specification, and later in the developing pancreas, regulating beta cell differentiation [26, 27] . Fltp is a novel Wnt-PCP effector and reporter gene that is transcriptionally activated in mono-and multiciliated tissues while PCP is being acquired. Fltp functions downstream of the core Wnt-PCP molecules as an effector by regulating the actin and microtubule cytoskeleton. Interestingly, lineage-tracing analysis revealed that Fltp is expressed in definitive endoderm-derived organs, like the lung and endocrine cells of the developing pancreas [20] . Based on the recent observation that the Wnt-PCP pathway, tissue organisation and neighbouring cell type interactions are important for the generation of the proper amount of beta cells [27] , we investigated the expression and function of our novel Wnt-PCP effector molecule FLTP in the islets of Langerhans. During islet neogenesis in the mouse, immature/naive beta cells are still organised in solitary or cord-like structures and acquire the typical spherical 3D islet architecture in the first 2 weeks after birth. These naive beta cells proliferate extensively, secrete insulin in response to low glucose levels and do not reach maturation until the islets are formed [28] . Indeed, analysis of pancreases from our Fltp reporter mice revealed increasing reporter activity in beta cells of compacted islets, whereas reporter activity was undetectable in cord-like structures at embryonic day (E) 18.5. This suggests that while the islet is in the process of acquiring its 3D structure, the Wnt-PCP pathway, monitored by Fltp expression, is activated and regulates islet neogenesis and maturation.
In adult rodent islets, most but not all beta cells are organised around vessels in rosette-like structures to secrete insulin into the bloodstream [29] . It is uncertain whether this difference in tissue distribution relates to the previously described heterogeneity of beta cells in terms of maturation, granularity, size, insulin secretion capacity and glucose responsiveness [4, [30] [31] [32] . Interestingly, during beta cell maturation and islet formation, Fltp expression rapidly increased, with the result that 80% of adult beta cells were Fltp reporter + , which might require Wnt-PCP function to wrap around blood vessels in rosette-like structures and be efficiently coupled for insulin secretion and glucose responsiveness. Furthermore, Fltp reporter -beta cells show an up to fourfold increased proliferation rate during pregnancy and postnatal beta cell expansion [33] . This suggests that FLTP is a novel biomarker that subdivides beta cells into proliferative and mature cell types (Fig. 1) .
Genome-wide mRNA expression profiling of flow cytometry-sorted Fltp reporter -and Fltp reporter + endocrine subpopulations revealed that the Fltp reporter -population associates with gene ontology (GO) terms such as GPCR, MAPK and Wnt signalling, whereas the Fltp reporter + population associates with GO terms such as insulin secretion, glucose metabolism, mitochondria organisation, oxidative stress response and cellular respiration. This suggested that we had identified a biomarker for beta cell subpopulations with distinct molecular, physiological and ultrastructural features, and was confirmed experimentally. The differential expression of receptors and signalling pathway components further suggested that these beta cell subpopulations might react differentially to environmental changes. To explore this idea, we investigated the in vivo dynamics of these two populations by genetic lineage tracing under conditions of physiological and pathological insulin resistance. Flow cytometry analysis of the lineage-traced FLTP subpopulations upon physiological insulin resistance revealed that FLTP lineage − beta cells are responsible for beta cell expansion, which is likely to be followed by subsequent differentiation into FLTP lineage + beta cells [33] . Longitudinal live-cell imaging of transplanted islets in the anterior chamber of the eye of the host mouse [34] showed increases in cell volume and the number of FLTP lineage -cells, and these occurred in parallel with islet engraftment on the iris, during which islets become vascularised and innervated and gain functionality. On the other hand, 8 weeks of diet-induced obesity and induction of pathological insulin resistance produced a steady growth of the islet volume accompanied by a significant increase in cross-sectional area of the FLTP lineage + endocrine cell population, suggesting that this beta cell subpopulation accounts for pathological islet cell hypertrophy. These results are consistent with the idea that FLTP lineage + cells have increased metabolic activity. Finally, we have shown that Fltp gene function is not necessary for beta cell development or maturation, but is required for proper glucose-stimulated insulin secretion (GSIS), perhaps by regulating the actin and microtubule cytoskeleton [35] . Interestingly, in 2D and 3D culture we demonstrated that 3D architecture and the Wnt-PCP pathway are sufficient to trigger mouse and human beta cell maturation and improve GSIS. Overall, these findings confirm that the Wnt-PCP effector and reporter gene Fltp subdivides proliferative and mature beta cells. These beta cell pools react differently to environmental changes. Importantly, the differential expression of receptors and signalling molecules suggests that beta cell subpopulations can be targeted to enhance proliferation or maturation for regenerative therapy.
Beta cell heterogeneity: implications for therapy
Although the understanding of beta cell biology has enormously increased since the discovery of the islets of Langerhans, there is much more to unveil before cell replacement and regeneration therapy can enter the clinic. Markers of functional beta cell heterogeneity will increase the understanding of the underlying principles of beta cell plasticity, dedifferentiation and maturation. For example, these markers could offer insights into the mechanisms that orchestrate beta cell maturation and could therefore be used for drug screens aiming to trigger the missing final step of maturation of in vitro differentiated beta-like cells from stem cells. Alternatively, these markers may improve the understanding of the islet niche and 3D architecture to create functional islets in a tissue engineering approach. In this regard, our findings support the concept that non-canonical Wnt-PCP-mediated tissue polarisation and compaction of islets are responsible for endocrine cell maturation and function. Biomarkers such as FLTP will help to unravel pathogenic mechanisms of diabetes and identify beta cell subpopulations in situ under conditions known to affect beta cell mass and function. Collectively, this could open a new era in the treatment of diabetes, paving the way for regenerative therapy for diabetic patients.
